Reaction monitoring techniques that provide a vast amount of data during the progress of a reaction are becoming increasingly more common in academic and industrial environments. To more effectively exploit these technologies, the development of new kinetic analyses is necessary. The latest breakthrough in kinetic methods was the well-known reaction progress kinetic analysis (RPKA) described by Blackmond in 2005.
Reaction monitoring techniques that provide a vast amount of data during the progress of a reaction are becoming increasingly more common in academic and industrial environments. To more effectively exploit these technologies, the development of new kinetic analyses is necessary. The latest breakthrough in kinetic methods was the well-known reaction progress kinetic analysis (RPKA) described by Blackmond in 2005. [1] This analysis enables the detection of significant catalyst deactivation and product inhibition ( Figure 1a ), the elucidation of the order in catalyst (Figure 1b) , and the determination of the order in reagents ( Figure 1c ). RPKA graphically interrogates the data obtained during the entire course of a reaction under synthetically relevant conditions. When compared to classical kinetic analyses, RPKA is simpler to perform and requires fewer experiments to provide more useful and relevant information. Nevertheless, RPKA requires rate data, which is mainly obtained by isothermal calorimetry (ITC), a technique that is not suitable for most reactions. Therefore, there is an obvious interest in developing analogous reaction progress kinetic analyses that directly use conversion reaction profiles. In this context, Blackmond and co-workers described the time-adjusted method [2] to detect significant catalyst deactivation and product inhibition (Figure 1d ), and we described the normalized time scale method [3] to elucidate the order in catalyst ( Figure   1e ). We herein report a method to determine the order in any component of a reaction by direct visual comparison of reaction concentration profiles (Figure 1f ). The method presented here uses the popular graphical interrogation of kinetic data, [1--3] which takes advantage of the human visual capacity to easily, quickly, and accurately identify tendencies and patterns. The profiles of experiments differing in the concentration of one reactant, A, will only overlay when the time axis is replaced by the time integral of the concentration of A raised to the correct power α [Eq.
(1)]. [4] This function is a priori unknown, but it can be approximated by using the trapezoid rule [Eq.
(1)]. All of the values necessary to apply this formula are known, either because they have been measured experimentally or because they can be deduced from the concentration profiles of another reaction component if the stoichiometry is known. Therefore, the construction of the new time scale is easy and quick to perform by using any spreadsheet, without the need for sophisticated kinetic analysis packages.
<ZS> (1) The method normalizes the time between each pair of data points by the average concentration of these points. More intuitively, normalizing the time scale for the concentration of each component of the system removes the kinetic effect of that component from the reaction profile. The normalization of the time scale can be extended to as many reaction components as desired, regardless of whether their concentration is constant or variable during the reaction course. When the normalization is applied to all of the components with a kinetic effect in the reaction, the result is a plot with a straight line with a slope equal to <M->k obs . [5] This linearization could, in principle, be used to estimate the orders in all of the components of a reaction as well as the k obs value from a single reaction profile. However, this option requires much more accurate experimental measurements than using the overlay method. As it is usually easier to perform an extra experiment rather than to increase the accuracy of the analysis method used, the graphical overlay comparison should be preferred to individually determine the order in each parameter. Figure 2 shows the application of this approach to a simulated two-substrate catalyzed reaction. Product concentration traces have been drawn, instead of those of the reactants, to facilitate the comparison between different experiments. Nevertheless, plots can be constructed using the concentrations of any of the reactants depending on the data available. Figure 2a shows the product concentration profiles against the variable time scale normalized in A (Σ[A] α Δt) for identical experiments, except for the initial concentration of A. The effect of different orders is shown; the correct order in A, in this case one, produces the overlay of both traces. Figure 2b shows the overlay for the right order in B by using the plots of
β Δt for two experiments with different concentrations of B. [6] The plots in Figure 2c . [7] Therefore, the variable time normalization method presented herein encompasses the normalized time scale method previously described. [3] Figure 2d shows the sequential evolution of the curves for all four experiments when the individual effects of the concentrations of A, B, and catalyst are simultaneously subtracted. The plot with the effects of all of the components removed shows four overlaid straight curves with a slope of 34.7^M <M->2^h<M->1 , which corresponds to k obs for this reaction. This is an example of the extreme normalization method mentioned above.
As the variable time normalization method presented here can be used to determine the order in reaction components whose concentrations change during the reaction, the method is also suitable to elucidate the order in catalyst of reactions that suffer from significant catalyst deactivation. To do so, the concentration of the remaining active catalyst has to be tracked during the reaction. Figure 3 shows the elucidation of the order in catalyst of the same reaction shown in Figure 2 , but where more than half of the catalyst becomes deactivated during the reaction. Figure 3a shows the remaining active catalyst at each conversion point for two reactions run with different catalyst loadings. Even with the larger relative error in the measurement of the concentration of catalytic species compared to those of the reactants, it is possible to determine the correct order in catalyst, in this case one (Figure 3b) , by using the variable time normalization analysis. This approach can also be used to determine the order in catalyst when its concentration changes during the course of a reaction owing to deactivation processes. [7] The reaction order in a substrate can change during the course of some reactions, especially for those involving catalysis. To determine the exact order for each section of the reaction, it is necessary to restrict the analysis to that specific section. Nevertheless, this level of accuracy is often not required in mechanistic studies, and an average order for the entire reaction course is generally sufficient. Figure 4 shows the analysis of the order in reagents in the hydrolytic kinetic resolution of terminal epoxides described by Jacobsen and coworkers.
[8] Owing to the complexity of the mechanism of this reaction, the orders in epoxide and water change during the course of the reaction and depend on the initial conditions. An elasticity analysis (ε), which describes the change in the order of the reactants during the course of each reaction, is shown in Figure 4a ,c. [9] The variable time normalization analyses for the epoxide and water are shown in Figures 4b and d , respectively. For both substrates, the analysis is a valuable tool to determine the average orders for the regime of the reaction examined, which amount to approximately 0.60 for the epoxide and 0.75 for water. These orders, together with the order in catalyst, [3] are consistent with the proposed mechanism.
Variable time normalization analysis preserves the most attractive advantages of RPKA and the normalized time scale method.
[1--3] Only a few experiments are needed because each data point is used in a multipoint comparison, instead of discarding information by describing an entire reaction profile with a single initial rate or k obs . Moreover, it can deal with experiments containing large errors or few data points. Experiments are run under synthetically relevant conditions, avoiding the study under unrealistic flooding (pseudo-firstorder) conditions of one of the reaction components. The analysis uses the entire reaction profile, and therefore, it provides information on the entire reaction course instead of extrapolating the information obtained at the initial stages of the reaction. Finally, it is easy and quick to perform by any non-expert in chemical kinetics.
The visual analysis of the data makes the method simple to use and facilitates the intuitive interpretation of the results, but it also entails some limitations. There is no mathematical description for the error in the order, although it is usually easy to identify a range of orders leading to a good overlay. Furthermore, because the analysis is visual, it is important to rescale the abscissa axis for a fair comparison of different orders, as has been done in the Figures shown in this Communication. As for any other analysis method, the parameters that can affect the kinetics of the reaction, such as pressure and temperature, should be kept constant across each set of experiments.
In conclusion, a general method to elucidate the order in any component of a reaction has been presented. This method works well irrespective of how the concentration of the analyzed substance changes during the progress of the reaction. It is easy and quick to perform, and it directly uses the ubiquitous concentration against time reaction profiles. Therefore, the method is expected to be of particular value to non-experts in kinetics that intend to determine the orders of reactions for mechanistic purposes. 
